Car braking often functions by friction between brake pads and steel discs connected to wheels. Part of the heat produced during braking is dissipated through the pad and the rear pressure mechanism. Overheating can cause the system to be blocked and provoke an accident. It is therefore important to know the mode of heat transfer in the brake pads.
As a result of the characterisation of the porosity of brake pad prototypes, we propose a model of heat transfer inside these composite materials. They contain about ten varieties of solid grains (steel, brass, polymers, organic fibres, rubber, etc.) which can be classified into two groups: good heat conductors and average heat conductors. A structural analysis of the brake pads shows that they are porous materials obtained by embedment of metallic grains in a polygranular organic matrix. A highly interconnected intergranular porous network is situated between the organic constituents (o.e.) and the metallic grains (m.g.). This network enfolds the granular constituents with many points of linkage (o.e. -o.e. and o.e. -m.g.). Thus, the brake pad structure can, in a first approximation, be represented by a set of adjoining identical cubic cells (a few mm 3 ). Given these conditions, we
propose the heat transfer model described below.
Consider a periodic medium obtained by the juxtaposition of cubic cells of ε sides. Each cell is composed of a metallic grain (a good heat conductor), in partial contact with the less conducting organic matrix, and an insulating gas in the intergranular porous network. We assume that there is no heat exchange by convection in this gas. A brake pad is a limited domain of the space of this theoretical medium in which the period ε is smaller than the characteristic length of the domain consisting of two connected components which are distributed periodically. They are made up of a component of variable heat conductivity depending on an ε-periodic law and a gaseous fluid of zero heat conductivity.
The heat equation in this domain, given the appropriate boundary conditions, gives a boundaryvalue problem where ε is a parameter. The mathematical theory of homogenisation (ε -> 0) allows us to establish a tensor of conductivity of an equivalent homogeneous medium. The coefficients of this tensor depend on the volume ratios of the metallic grains, the organic matrix, the intergranular porous network as well as the respective average conductivities of each solid class.
The aim of this mathematical and physical approach is to estimate the heat transfer in these composite materials and thus make it possible to determine an optimal structure correlated to their tribological qualities.
INTRODUCTION
Car braking often functions by friction between brake pads and steel discs connected to wheels. Part of the heat produced during braking is dissipated through the pad and the close pressure mechanism. Overheating can cause the system to be blocked and provoke an accident. It is therefore important to know the mode of heat transfer in the brake pads. With this aim in view, we have established a heat transfer model for a heterogeneous material of that sort.
HEAT TRANSFER

Approach to the problem
The material's heterogeneousness has small dimensions, compared to the global ones of the brake pads, and their spatial layout is complex. It follows that the coefficients of the conductivity tensor and the calorific capacity in this medium are rapid variation functions, for which a full and simple analytic description is impossible to obtain. Our aim is to express the equation of heat propagation on a scale for which the global properties of the environment will be considered. Indeed, we have to determine the conduction tensor coefficients and the calorific capacity of an imaginary homogeneous body equivalent with respect to heat transmission to that of the brake pads. The only way to fulfill the operation is to know the local thermal features of the material, that is those of its components and their spatial positions and orientations. But 10 to 20 different components take part in the structure of the brake pads. Nevertheless, a recent study shows an approximate homogeneity of the repartition of the components and then a quasi-periodic structure /1,2/. The first step of modelling is to state a law concerning the components layout in the material, which is the result of the following hypotheses on its microstructure.
Hypotheses
"Elementary cell" designates a cube with the side e; its dimensions are small compared to those of the brake pads (e 0.5 mm) ( Figure 1 ).
Hypothesis 1
This cube contains three homogeneous and isotropic heat conductors: a metallic grain, a polymeric matrix, a stationary gas which takes up the related domain of the porous network. Let k a and n,, α e {1,2,3}, respectively, be the medium conduction coefficient /3/ and the medium calorific capacity /4/ of each element. The subscript 1 will refer to the matrix, 2 to the metallic grain, 3 to the gas (Table 1) . Let / (/ = 10 mm) be the thickness of the brake pads; as e is assumed to be small compared to / (e = 5.10" 2 in this case), let us set:
Note Τ the elementary cell, 7 α ε the domain of Γ occupied by the component a.
Hypothesis 2
The respective component volumes are in the same scale of size, thus:
where |*| refers to the volume measure of Y e ().
Hypothesis 3
The Ω domain, with edge kj S 2 occupied by the brake pads, is included in a D E domain, constituted οΐ Ν ; this implies that Ν(ε) -» oo, when ε -» 0.
Conductive tensor and calorific capacity of the model
Considering the preceding hypotheses, the functions representing the conductivity tensor coefficients and the calorific capacity of the model are defined as follows: a) The enlargement with a scale factor ε" 1 applied to T, gives the "elementary cell" Y. This cell is such that: (f) Similarly, the volume's calorific capacity of the model is defined by:
PROBLEM
Let us consider the following physical problem: the brake pad has its surface Si in contact with a source of heat which keeps S\ at a constant temperature T 0 . The other faces, such as the lateral edge (noted as S 2 ), are taken to be heatproof. In these conditions, for a fixed and given ε, at the time τ = 0, the field θ 0 |ξ| on Ω, θ 3 (τ, x) verifies the boundary value problem:
with λ^ and μ ε such as in (4) and (5), and where ν = (vi, v 2 , v 3 ) is the outward normal to Ω.
Reduction
Such a problem is not at once mathematically exploitable; we have to reduce it in a dimensionless form. Table 1 and those of e and /, the problem is reduced to the dimensionless form: consists in finding, if it exists, the T° limit of (Γ ε ), and the boundary value problem verified by this limit.
Stages of homogenization procedure
Here, the domain where Τ ε is defined changes with ε, and this apparently leads to a further difficulty 111. The homogenization procedure is the following: a) First, we know that an extension from Τ 8 to Ω exists /8/. This extension, denoted T, element of a determined functional space, is such that its restriction to Ω ε verifies (8) .
b) Then, we show that Τ -> 1° (in an appropriate topology) when ε 0. c) Finally, the boundary value problem verified by 7° is established.
Homogenization results
Let Τ be the extension from Ω to Τ ε . When ε 0, Τ* -> 7° and 7° is the solution of the problem:
where: a) 7^, (ic) is defined in ( 
VveV, je {1,2,3}, where Κ is the set of the function defined on Y, with marks (the value on the edge of Y, broadly) equal to each other on both opposite faces of the basic cell, and which belong to Sobolev's space H\Y).
Reduced calorific capacity of the homogenized medium
Its expression given in (12) shows that it is the average on Y of the matrix calorific capacity and of the metallic grain; that of the air has been disregarded.
With a(y) such as in (14), the a 0 calculation is immediate since a(y) is a piecewise constant function. In these conditions, we get:
This shows that a 0 is expressed as the sum of the calorific capacities of the considered components, weighted by their volume proportion. b) The spherical conductivity tensor of the nonhomogeneous medium 0, whereas by = oj has turned into a symmetrical tensor through homogenization. This also means that the heterogeneous material, which is a conductor of isotropic heat, has become, when ε -> 0, a homogeneous non-isotropic conductor.
Conductivity tensor of the homogenized medium
c) Examination of (13) 
CONCLUSION
This study cannot be fulfilled as long as we do not know the geometry of the composite's elements in the elementary cell T, and consequently in the Y basic cell. Indeed we need to determine the Wj functions solution of (14) and the coefficients bwith (12), to calculate the integrals on the Y 2 metallic grain domain. But in practice, statistical information concerning the volume and the geometry of metallic powder grains allowed an estimation of Y 2 and |7 2 |· Thus we will be able to resolve with a standard numerical method (for example, finite elements) the variational problems (14). Then we will determine the b°-with the aid of (12).
Finally the calculation of the calorific capacity from (11) merely needs knowledge of the respective volume proportions of the metallic charges and the polymeric materials.
The homogenization being an asymptotic theory, it is also advisable to be able to estimate the difference between the "real" field Τ and the calculated field 1°, where ε is a known and fixed datum. This amounts to establishing the following relation 161, i.e., "correctors' estimation":
where C k is a constant called "kith" corrector; in practice we limit ourselves to C\.
